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Introduction
The GPS (Global Positioning System) has revolutionized modern day navigation and position location. It is now the means of tracking and location mapping in most of the aircraft carriers, ships and even in automobiles [1] . The GPS satellite transmits low power radio signals on multiple frequencies. L1 and L2 are the two basic carrier frequencies that contain the navigational signal. The L1 frequency is 1575,42MHz in the UHF band while the L2 frequency is 1227.6 MHz [2] . To make a GPS receiver work efficiently, a GPS antenna should fulfill two main requirements; good radiation pattern in the upper half-plane and RHCP (Right Hand Circular Polarization) [3] . Patch antennas are the most preferred antennas due to their miniature structures. It should also be added that patch antennas also have some drawbacks like low gain, narrow bandwidth, and low power handling capacity. To overcome these limitations, lots of designed antennas are proposed such as a U-shaped slotted patch [4] , a triangular patch [5] , a circular patch [6] , rectangular patch [7] , irregular diamond, edge slotted patch [8] , etc. Antenna designs with circular slots on microstrip patches to obtain wideband are also proposed [9] [10] [11] . Furthermore, different substrate materials and different feeding techniques are also applied [12, 13] . The physical length, L, is the most effective parameter to define resonance frequency of micropatch antenna (MPA). This value should be calculated according to the required resonance frequency. However, to change the value of L means to modify external dimensions of the antenna, which might have conflicts with mounting constraints. In the automotive industry, GPS antennas are mounted inside the shark antennas which are on the roof of the car (Fig. 1 ) or on the dashboard (Fig. 2 ). Dashboard in a car is a very tight area and it is very complicated due to having many other components inside. Different antenna components also exist in shark antennas, so minimization of the physical dimensions of a GPS antenna would allow obtaining more space inside. In this paper, a modified rectangular MPA is studied. A rectangular patch with two quartercircular slots at the edges is proposed. The radii of the quarter-circular slots are changed proportionally with L of the main rectangle between 0.05L and 0.5L. The main goals of this study are: 1.
to change h to increase bandwidth 2.
to change the radii of circular cavities to compensate for the side effects of increasing h on the resonance frequency 3.
to obtain the resonance frequency function of r and h variables for the proposed design. For different substrate thickness values, the effects of the slot radius on the resonance frequency are observed. The results are used to obtain a smooth equation for resonance frequency. 70 models (10 different radii for 7 different substrate thickness values) are simulated. Then, the curve fitting is applied to the results to obtain the equation model which shows the dependence of the frequency on h and r. Consequently, for antenna designers, a simple model has been created that can be useful when used in conjunction with analytical methods. MPA design principles, antenna design with different parameters and its simulation results are mentioned in Section II. Curve fitting, obtained model and the compatibility between simulation and equation results are mentioned in Section III. Finally, in Section IV, the conclusions and the benefits of the model are mentioned.
MPA Design and Simulation
MPA antenna, consists of a metallic plate as ground, a radiating patch and a dielectric substrate between them [14] . Fig. 3 . Microstrip patch antenna structure [14] h is the dimension of the substrate between ground and patch (0.003 λ0< h < 0.05 λ0), where 0 is the wavelength in free space. The dielectric constant of substrates that can be used for MPA is in the range of 2.2 ≤Ɛ ≤12, [14] . The length of MPA, L, is the most effective parameter to define resonance frequency and it is usually varied between 0/3 <L < 0/2. For the dominant mode TM010 with no fringing its value is defined as λ/2. [14] . The electrical length of MPA (Leff) is larger than physical length L because of the fringing effects. The difference between the two lengths is linked with dielectric constant and thickness of the substrate. Leff is the sum of physical L and 2ΔL (Eq.1), where ∆L is the function of effective dielectric constant (Ɛreff) (Eq.3) and the widthto-height ratio (W/h) as in Eq. 2 [17] .
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Therefore, the actual physical length is
Resonance frequency equation of the MPA is [15] . 
MPA width W is important to define the input impedance of the antenna and higher W values mean more bandwidth [17] .
Regarding ground dimensions, similar results for the finite and infinite ground plane can be obtained if the size of the ground plane is greater than the patch dimensions by approximately six times the substrate thickness all around the periphery [2] . In this study, as a first step, a rectangular MPA for fr=1. From the simulation results of the rectangular patch antenna (Fig. 4) , it is observed that return loss S11=-24.06, the resonant frequency fr=1.498 GHz and the 10dB bandwidth is BW=135 MHz (Fig. 5 ) and VSWR=1.337 (Fig.  6 ). Then the proposed antenna with two quartercircular slots (centers on the top right and left corners of the rectangular patch), is designed (0.05L≤r≤0.5L) (Fig 7) . 10 different radius values are used for quarter-circular slots. And each model is simulated for 7 different h values. That is 70 simulations are performed for the designed antenna and fr and BW values are obtained to observe the impacts of circular slots ( Table 2 ). The fr values obtained by simulations are also given in Fig. 8 .
According to the simulations, the following results are observed: i. When r is increased until 0.45L, fr and bandwidth are also increasing, ii. Lower values of h cause narrower bandwidth (as expected) but the higher resonance frequency in comparison with higher values of h.
Model Acquisition and Verification
In this study h and r parameters are used as the variables to adjust fr and bandwidth. Assuming that W and L are constant, h and r parameters are varied to obtain corresponding fr values and to generate a dataset, with 70 x 3 parameters (r, h, fr). As a result, an equation with 2 variables (r, h) is proposed and studied. A dataset, with 70 x 3 parameters (r, h, fr), is applied to the curvefitting process Assuming that W and L are stable, h and r parameters are used as the equation inputs and fr is the output. The MATLAB software is used for the curvefitting method to obtain a relationship between the design parameters (h,r) and the corresponding resonance frequency (fr) of the proposed antenna. To ensure the robustness of the design, a 3rd-degree polynomial model is studied (Eq. 7). where A, B, C, D, E, F, G, H, I, J are the calculated constants and they are given in Table  3 .
For 70 pairs of r and h values, fr values calculated (fc) with Eq. 7 are compared with fr values obtained by simulation (fs) (Fig. 9 ). The error between them is calculated by Eq. 8.
It is observed that the error values are varying between 0% and 0.67%, and the average error is 0.14% (Table 4 ). 
Conclusion
In this article, a modified rectangular MPA with circular cavities was studied. After overviewing of these studies, the following results are obtained: a. Increasing r is ensuring more bandwidth and ascending resonance frequency without changing outer dimensions of MPA till r=0.45L as seen in Table 2 b. Impacts of increasing r has similar behavior at different values of h and behavior similar to linear tendency as seen in Fig. 8 c.
Having same fr with different r and h sizes ( Table 2 iteration 8 and 44 have both 1.60 GHz) can ensure flexibility to designers d.
Lower values of h cause narrower bandwidth (as expected) but the higher resonance frequencies. e.
Results with linear tendency have let us to search for equation model giving very close results to simulation results obviously seen in Table 4 and Fig. 9 .
